[1] An empirical approach is proposed to represent the impact of dynamic root water uptake by plant roots in two land surface models (Community Land Model version 3 (CLM3) and Integrated Biosphere Simulator version 2 (IBIS2)). This approach is compared with a more physically based approach that simulates the hydraulic redistribution, using the Reserva Jaru site in Amazonia as an example. For each model and each approach, two different root profiles are experimented on, an exponential profile and an observed, deeper profile. In both CLM3 and IBIS2, including dynamic root uptake significantly improves the model simulation of latent heat fluxes, regardless of what root profile is used. In both models, the impact of hydraulic redistribution (as accounted for by the physically based approach) is comparable to that of a low degree of dynamic root water uptake (as accounted for by the empirical approach). The latent heat flux simulation in IBIS2 is closer to observation than is that in CLM3, with or without the impact of dynamic root water uptake. Despite the model improvement due to including dynamic root water uptake, significant biases in soil moisture simulations remain. Assimilating soil moisture observations into the land surface models produces a remarkably improved latent heat flux simulation. Parameterization in surface and subsurface runoff (which influences soil moisture) is suggested as a likely cause for the severe biases in the default model simulations, which highlights the critical importance of correctly simulating the fundamental hydrological processes in land surface models.
Introduction
[2] Roots are the primary pathway for water and nutrient uptake by plants. They connect the soil environment to the atmosphere through water and energy flux exchanges between vegetation canopy and the atmosphere [Feddes et al., 2001] . Realistic representation of roots and their behavior is therefore important in hydrological, ecological, and climate modeling.
[3] Two root properties, namely root depth and root vertical profile, are critical in determining the cycling of water through the soil-vegetation-atmosphere continuum. Depth of the root system determines the maximum possible amount of soil water that can potentially be transpired by vegetation into the atmosphere, especially during dry seasons. Root profile, that is, the distribution of fine roots along depth, is the primary control for the allocation of water uptake among soil layers of different depth. Through their impact on plant water uptake therefore transpiration, root depth and profile influence land surface fluxes and state variable [e.g., Zeng et al., 1998; Sen et al., 2000; Barlage and Zeng, 2004] , vegetation distribution [e.g., Peters, 2002] , and various ecosystem phenomena such as the coexistence of different vegetation types [e.g., van Wijk and Rodriguez-Iturbe, 2002] . However, genetic root depth and root distribution are not the only factors controlling the amount and allocation of plant water uptake. Root water uptake is a dynamic process that actively responds to the availability of soil moisture and its spatial variation through mechanisms and processes such as preferential root water uptake [e.g., Lai and Katul, 2000] , hydraulic redistribution [e.g., Caldwell et al., 1998 ], and water-tracking root growth [e.g., Coelho and Or, 1999] .
[4] Plants have the ability to preferentially uptake water from portions of the root zone where water is more freely available [Sala et al., 1981; Green and Clothier, 1995; Huang et al., 1997; Green et al., 1997] . This preferential water uptake involves physiological changes toward higher uptake efficiency in moist soil areas and lower efficiency in dry areas [Lai and Katul, 2000] . This response of water uptake to the spatial pattern of water availability enables plants to transpire at its full capacity even though part of the root system might be water stressed. That is, local water stress does not necessarily mean water stress at the whole plant level, as the reduced water uptake from the stressed portion of the root zone can be compensated by enhanced water uptake over portions of the root zone where water is more freely available. This is made possible at least partly by the transconnected xylems that can transport water from a specific portion of the root system to any leaf of the plant rather than only to leaves on certain branches. Lai and Katul [2000] found from field experiments that the dependency of uptake efficiency on soil moisture availability was as important as the vertical root density distribution in controlling the moisture dynamics in soils. Teuling et al. [2006a] showed substantial differences in the simulated evapotranspiration and root zone soil moisture between models with an adaptive root water uptake strategy and those without. The adaptive strategy in the study of Teuling et al. [2006a] is achieved by considering the dependence of water uptake from soil at a specific depth on not only soil moisture at that depth but also the root zone average soil moisture. Other schemes consider for example compensating for water stress in part of the root zone by increasing water uptake from other parts [Li et al., 2001] . However, physically based approach to modeling this process [e.g., Lai and Katul, 2000] includes (and is therefore limited by) parameters or plant-dependent responses that are difficult to quantify.
[5] Hydraulic redistribution refers to the widespread phenomenon that plants uptake water from moist soils and redeposit it into dry soils during nights when transpiration ceases, and roots in dry soils can then uptake this portion of water during the day [e.g., Burgess et al., 1998 Burgess et al., , 2001 Smith et al., 1999; Jackson et al., 2000; Brooks et al., 2002; Ryel et al., 2002 Ryel et al., , 2003 Oliveira et al., 2005] . Since water is usually released from deep (relatively wet) soil layers into the upper (relative dry) soil layers, this phenomenon is often described as ''hydraulic lift'' [Richards and Caldwell, 1987; Caldwell et al., 1998 ]. Although the direction of water movement is typically upward, toward drier and shallow layers, recent measurement of sap flow in taproots and lateral roots of trees have demonstrated that roots can also move water either downward or laterally from moist areas to drier areas [Burgess et al., 1998 [Burgess et al., , 2001 . This movement of water upward and downward through roots follows water potential gradients [Richards and Caldwell, 1987; Caldwell et al., 1998; Ryel et al., 2002; Burgess et al., 1998 ], which forms the basis for some physically explicit schemes for modeling this phenomenon [e.g., Becker et al., 1999; Ryel et al., 2002] . These schemes can be applied to land surface and climate models. For example, Ren et al. [2004] incorporated hydraulic lift into a land surface model to improve the model simulation of soil moisture dynamics at a densely vegetated area in North America. Lee et al. [2005] incorporated the hydraulic redistribution scheme of Becker et al. [1999] and Ryel et al. [2002] into a coupled land-atmosphere model to estimate its impact on climate over the globe, assuming that hydraulic redistribution exists globally.
[6] In addition to the modified behaviors or functions of existing roots, plants tend to grow more roots over root zone areas where moisture is more freely available. This is clearly observed during manipulated irrigation experiments [Coelho and Or, 1999] . It has also been observed that plants tend to shed their fine roots in the extremely dry portions of the root zone, for example, in surface layers during the dry season [e.g., Ryel et al., 2003] . Such active root growth toward places of greater water availability further complicates the dynamic processes of root water uptake.
[7] Dynamic root water uptake increases transpiration and lengthens growing season in water stressed environment. It therefore has a direct impact on surface energy and water budgets as well as vegetation distribution. However, research about the dynamic root water uptake including hydraulic redistribution is still at a very early stage. Most existing land surface models do not include representation of dynamic root water uptake, and its impacts on the terrestrial hydrological and ecological simulations have not been extensively evaluated. In this study, we incorporate two schemes of dynamic root water uptake, one empirically based and one physically based, into land surface models. Their respective impacts on the terrestrial hydrological processes are evaluated at the ABROCOS site Reserva Jaru in Amazon using two land surface models, Community Land Model version 3 (CLM3) [Oleson et al., 2004] and Integrated Biosphere Simulator version 2 (IBIS2) [Kucharik et al., 2000] . The evaluation focuses on the model prognostic skills with respect to latent heat flux and soil moisture distribution.
Model Description

Model Default
[8] Land surface models simulate the exchange of energy, mass, and momentum between land surface and the overlying atmosphere, and include representation of thermodynamic, hydrologic, and physiological processes. Although different models differ in the parameterization of various processes, they often share a similar vertical structure, with a layered vegetation canopy model, a layered snow model, and a layered soil model. The number of layers for each component is model dependent. For the two models used in this study, the default CLM3 considers one canopy layer, up to five snow layers, and ten soil layers summing up to 4.0 meter; the default IBIS2 considers two canopy layers, three snow layers, and six soil layers summing up to 4.0 meter. Vegetation in both IBIS2 and CLM3 is represented by a combination of different plant functional types (PFTs), which are defined on the basis of physiognomy (trees or grass), leaf form (broadleaf or needleleaf), leaf longevity (evergreen or deciduous), and photosynthetic pathway (C 3 or C 4 ). All the biogeophysical processes and ecosystem dynamics are simulated at the PFT level. Although both models have the capability to simulate vegetation dynamics, in this study vegetation is prescribed on the basis of site observations. The full model description for IBIS2 can be found in the work of Foley et al. [1996] and Kucharik et al. [2000] , and for CLM3 in the work of Dai et al. [2003] and Oleson et al. [2004] . Here we only briefly describe the parts of the models that are directly related to plant root water uptake.
[9] In both CLM3 and IBIS2, soil moisture dynamics is governed by vertical moisture transport between different soil layers and depletion of soil moisture by evapotranspiration:
where q is the volumetric soil water content, t is time, z is the vertical coordinate (positive upward), q is soil moisture flux (positive upward), and the sink term S includes direct moisture depletion due to evaporation from the top soil layer and loss of water to transpiration from potentially all layers. The soil water flux q is driven by water potential, as described by Darcy's law:
where K is the hydraulic conductivity, and Y m is the soil matric potential. Note that K and Y m depend on both soil moisture q and soil property. Infiltration into the top soil layer and gravitational drainage from the bottom of the soil column provide the boundary conditions for the discrete form of equation (1) in the layered soil model. Solving equation (1) requires the specification of the sink term S for each soil layer. The latter depends on the allocation of plant water uptake (which equals transpiration if water storage within plant tissues is negligible) among different layers, that is, S(i) = T * t(i), with the exception of the top soil layer where the S term also includes direct evaporation from soil surface. Here T is the plant transpiration, and t(i) is the fraction of water uptake from layer i (that sums up to 100% among all soil layers). Water availability in the soil influences both T and t.
[10] When water stress occurs, plant photosynthesis and transpiration will slow down. To represent this impact, in land surface models such as CLM3 and IBIS2, plant photosynthesis and transpiration are scaled down by a water availability factor W t . For example, the actual transpiration can be estimated as T = T pot * W t , where T pot is the potential transpiration. Evaluated at the whole plant level, W t depends on both the water availability and root fraction in each individual soil layers:
where n is the total number of soil layers, F root (i) is the fraction of root residing in soil layer i, and W(i) represents the water availability in soil layer i. In other words, the total water availability at the whole plant level is the root weighted average of water availability among different layers. W(i) in CLM3 is a linear function of the soil matric potential:
where y i is the actual soil water matric potential (mm) in layer i, y max is a constant describing the wilting point potential (set to À1.5 Â 10 5 mm), y sat,i is the minimum soil suction (equal to the magnitude of soil matric potential when soil is near saturation) in layer i, which ranges approximately from 40 mm to 750 mm depending on soil texture. IBIS2 has a similar estimate for W(i) but based on soil moisture instead of soil potential. For uniformity, in this study we use equation (3b) in both CLM3 and IBIS2. Clearly, W(i) approaches 1.0 when the layer soil moisture is close to saturation, and it equals to 0 when the layer soil moisture reaches the wilting point.
[11] In both the default CLM3 and default IBIS2, the allocation of water uptake in a given soil layer i is estimated as
On the basis of these equations, for any given atmospheric forcing (which determines the potential transpiration), the amount of water uptake from an individual soil layer (i.e., t(i) * W t * T pot = F root (i) * W(i) * T pot ) depends on the physical root distribution and the local water availability in that specific layer only. Water availability in other soil layers does not matter. [12] Owing to the difficulty of modeling the various physical processes underlying the dynamic root water uptake, we propose a two-parameter empirical approach to represent the hydrological consequences of such processes: first, the plant may still transpire at its full capacity even though part of the root system is water stressed; second, the proportion of transpired water from layers of higher water availability is higher than what equation (4) would suggest. This involves model parameterization modifications related to two aspects of plant-water relationship: the whole plant water availability factor and the allocation of total water uptake among different soil layers.
An Empirical Approach to Modeling Dynamic Root Water Uptake
[13] On the basis of the default parameterization in CLM3 and IBIS2, water uptake from one soil layer is not influenced by water availability in other layers, and water stress in any single layer reduces the plant photosynthesis and transpiration rate. However, under dynamic root water uptake, plants can potentially get enough water to maintain full-capacity transpiration even though only part of its root system has access to water. Therefore, after the whole plant water availability level W t is estimated on the basis of equation (3a), it is adjusted using a threshold value W c to enable potential transpiration when part of the root system experiences water stress:
where W c is a tunable threshold value between 0.0 and 1.0. As long as W t is higher than a certain threshold W c , water stress at the whole plant level is not triggered. When W t drops below the threshold value W c , performance at the whole plant level starts to drop. T pot * W t,adjusted determines the total amount of water uptake, where T pot is the potential transpiration.
[14] To determine the water uptake allocation among different layers, after the water availability in each individual layer W(i) is estimated using equation (3b), a water uptake flag a(i) is defined:
where W max is the water availability factor in the wettest layer of the root zone, and W x is the threshold water availability. Equation (6) simply means that no water uptake is allowed from a layer where water availability is less than the threshold W x unless this is the wettest layer of the whole root zone. The fraction of water uptake by plant roots in a given soil layer t(i) is defined as
Here the tunable parameter m is equal to or larger than 1.0. When larger than 1, m reflects the nonlinearity of water uptake in relation to water availability. In addition to the uptake flag that limits water uptake to only layers of high water availability, setting m to a value larger than 1 also increases the water uptake fraction from relatively wet layers.
[15] This empirical approach enables more water uptake from the wetter portions of the root zone and less from the drier portions of the root zone, and allows plants to function at its full capacity in presence of partial root water stress. It therefore can account for the impact of dynamic root water uptake without simulating the underlying physical processes. The two parameters, W c and W x , are independent and can be calibrated empirically when there is abundant observational data available.
[16] The concept related to parameter W c in our proposed empirical approach shares some similarity with the compensated water uptake function proposed by Jarvis [1989] and reviewed by Skaggs et al. [2006] in that they both allow the potential transpiration to occur in presence of partial water stress. However, in our proposed approach, with the addition of equations (6) and (7), a second parameter W x enables more aggressive dynamic root water uptake. As such, soil moisture in any soil layer can explicitly influence the water uptake in other layers through its impact on the water allocation function directly, not just through its impact on the whole plant water stress. Adding the second parameter therefore further enhances the degree of dynamic root water uptake and reduces the spatial (vertical) heterogeneity of soil moisture.
Hydraulic Redistribution: A Physically Based Approach
[17] Multiple processes contribute to dynamic root water uptake in plants. One of these processes, namely, hydraulic redistribution (HR), has been extensively studied in agricultural and forest ecology, and some physically based models exist in the literature [e.g., Becker et al., 1999] . Instead of modifying the parameterization of water stress or water availability, these models directly modify the parameterization of vertical moisture transport among different soil layers. In our study we adopt one of these models as introduced in the following.
[18] In the default versions of CLM3 and IBIS2, soil pores connected by soil water provide the conduit for vertical transport of moisture among different layers. With the HR representation, an additional water flux due to redistributed water movement through the root conduit is considered. On the basis of the work by Becker et al.
[1999], Ryel et al. [2002] , and Lee et al. [2005] , the soil water flux contributed by HR can be formulated as
Here C RT is the maximum radial soil-root conductance with a constant value 0.097 (cm/MPa/h) [Ryel et al., 2002] , Dy m is the water potential difference between two layers and only the water potential related to the adsorptive and capillary forces is considered, F root (i) is the root fraction in layer i. HR usually takes place at night only and the switch S time controls the time of HR, which equals 1 during the night and 0 in the day. The relative soil-root conductance for water (c j , ranging 0 -1) follows an empirical relationship:
where y j is the water potential in layer j, y 50 is the water potential when soil hydraulic conductance is reduced by 50%, and b is an empirical constant.
[19] Finally, the total soil water flux including transport through soil (q, estimated by equation (2)) and transport through root (q HR ) leaving or entering each layer is
HR does not transport water to the soil immediately near the land surface because many shallow roots (e.g., in the top 5 cm of the soil) die in very dry soils [Ryel et al., 2003; Lee et al., 2005] . Therefore for flux to the top soil layer, the term q HR is set to zero. This prevents excessive ground evaporation boosted by water into the top soil layer caused by HR. However, water in the top layer from precipitation still causes continuous ground evaporation.
[20] Within each time step, hydraulically redistributed water can be transported by roots between any two layers in the root zone as opposed to between two adjacent layers only (as is the case in soil moisture diffusion). As such, hydraulically redistributed water from each releasing layer can be received by multiple soil layers as long as there are differences in water potential; similarly, one layer can receive water from multiple releasing layers. In implementing the scheme, we take a diagnostic approach: in every time step, we solve equations (1) and (2) first without considering the impact of hydraulic redistribution to produce a preliminary estimate of soil moisture change Dq i ; the hydraulic redistribution fluxes are then estimated and a correction term is added to the soil moisture field to reflect its impact on soil moisture change within that time step: Dq total,i = Dq i + Dq HR,i . Here Dq total,i is the change of volumetric soil water content (mm 3 of water per mm 3 of soil) in each time step Dt, and Dq HR,i the contribution from hydraulic redistribution: where Dz i is the layer thickness, q HR,i is the water flux due to hydraulic redistribution:
with q HR (i, j) being positive for fluxes to layer i (from layer j) and negative for fluxes out of layer i (to layer j), and l being the number of soil layers in the model.
Data, Site Description, and Experimental Design
[21] In examining the impact of dynamic water uptake schemes including the empirical approach and the physically based HR approach, we present a case study using data from the site at Researva Jaru (10°05 0 S, 61°55 0 W), an ecological reserve located in the Brazilian state of Rondonia. It was one of the forest sites of the Anglo-Brazilian Amazonian Climate Observation Study (ABRACOS) which was held from 1990 to 1994 [Gash et al., 1996] . During ABRACOS, automatic weather stations collected hourly atmospheric forcing data from November 1991 to the end of 1993. During the same period, soil moisture down to 3.6 m below the ground surface was measured weekly using neutron probe. Hourly surface fluxes measurement, including both the latent heat flux and sensible heat flux, were conducted during intensive observation periods, including August -October of 1992 and April -July of 1993.
[22] Soil at the Reserva Jaru site is mainly sandy near the surface (85% sand). The clay content increases gradually from 4% near the surface to 36% at 1 m [Wright et al., 1996] . Weathered bedrock can be found at 3.6 m depth. Groundwater table can reach to within 1.0 m of the soil surface during the wet season, but is way below the measurement depth of 3.6 m during the dry season. Precipitation at the site shows pronounced seasonality (Figure 1a) . The driest months June and July receive about 10 mm rain per month. However, the dominant vegetation type is evergreen trees, with an average tree height of 30 m. About half of the evergreen forests within the Brazilian Amazon are found in areas with less than 1.5 mm/day rain during the driest three months of the year, and these forests rely on deep roots that have access to water stored in deep soil or cracked bedrock to survive the dry season [Nepstad et al., 1994] . The evergreen forest at Reserva Jaru belongs to this type. While root biomass distribution data is not available for this site, observations from a similar site at Paragominas indicated that fine roots can be found at up to 12 m depth in some forests, although roots are most abundant in the top 50 cm of the soil [Nepstad et al., 1994] .
[23] Several different types of root distribution can be found in the literature. Exponential root profiles are the most frequently observed . On the basis of a comprehensive global root database [Canadell et al., 1996; Jackson et al., 1996 Jackson et al., , 1997 , Zeng et al. [1998] and Zeng [2001] derived an exponential root profile controlled by two empirically fitted parameters that vary with vegetation type. Compared with the exponential root profile by Jackson et al. [1996 Jackson et al. [ , 1997 , the exponential root profile by Zeng [2001] allocates more roots to deep soils for forest regions and when incorporated into climate models improved seasonal climate simulations [Barlage and Zeng, 2004] . It is currently used in the default CLM3. However, this root profile still underestimates the extent of deep roots in the Amazon forest. For example, in the default CLM3, about 20% of the roots are located in soils deeper than 1.0 meter, compared with more than 35% from a site observation at Paragominas [Nepstad et al., 1994] .
[24] In their default setting, many land surface models (e.g., BATS [Dickinson et al., 1993] , SiB [Sellers et al., 1996] , IBIS [Foley et al., 1996] , and CLM [Dai et al., 2003] ) underestimate dry-season latent heat fluxes over the Amazon forest in general and at the Reserva Jaru site in particular [e.g., Delire and Foley, 1999; Zeng et al., 1998; Sen et al., 2000; Dai et al., 2003] . For example, Figure 1b shows the daily average of latent heat flux at the Reserva Jaru site, simulated by the default CLM3 and IBIS2 driven with site-specific land surface properties (including soil texture therefore soil hydraulic properties and LAI) and the ABRACOS atmospheric forcing data. In these simulations, the Jackson et al. [1996] root profile in IBIS2 has been replaced by the default CLM3 root profile, that is, the Zeng 
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ZHENG AND WANG: MODELING THE DYNAMIC ROOT WATER UPTAKE models is very similar to each other, and is similar to observations as well. However, both models show a clear dry down period in the dry season that was not observed, indicating that the model evapotranspiration is overly sensitive to soil moisture.
[25] The spuriously high sensitivity of evapotranspiration to soil moisture is a common phenomenon in land surface models and can be partially attributed to the lack of consideration for deep root water uptake [e.g., Teuling et al., 2006b ]. To show a less noisy picture of the model behavior, Figure 1c presents the monthly averaged latent heat fluxes, with error bars indicating the standard deviation of daily averaged latent heat fluxes with respect to the monthly mean from observations. It is clear from Figure 1 that the modeled latent heat flux (especially in CLM3) has distinctive seasonality that follows the seasonality of precipitation, and such strong seasonality of latent heat flux is not observed. Both models, CLM3 in particular, underestimate dry-season latent heat fluxes. Consistent with such underestimation, water uptake in both CLM3 and IBIS2 during the dry season seems to take place mainly in shallow soils while in observations it occurs at greater depth, leading to underestimation of dry season soil moisture in shallow layers and overestimation in deep layers (Figure 2) .
[26] The underestimation of dry-season latent heat fluxes can be partially corrected by increasing the depth of the bottom soil layer and/or changing the root profile to allocate more roots to deeper soils [e.g., Sen et al., 2000; Delire and Foley, 1999; Zeng et al., 1998 ]. We experimented on two different root profiles combined with various depth of the bottom soil layer (e.g., 4 m, 6 m, and 8 m). The two root profiles are that of Zeng [2001] and that observed by Nepstad et al. [1994] , with the latter characterized by more roots in deep layers (Figure 3 ). Our results (not shown) indicate that increasing the depth of the bottom layer soil without extending the root to greater depth does not cause much improvement, but allocating more roots to deeper layers helps improve the latent heat flux simulation. However, CLM3 with the observed rooting profile still significantly underestimates dry-season latent heat fluxes and overestimates dry-season soil moisture in deep layers. We hypothesize that these model biases may have to do with the lack of representation for dynamic root water uptake processes. 
G04012 ZHENG AND WANG: MODELING THE DYNAMIC ROOT WATER UPTAKE
[27] This study examines two straightforward approaches to representing root water uptake dynamics described in section 2: the empirical approach and the physically based HR approach. Each approach will be examined in both CLM3 and IBIS2. For the empirical approach, a set of different combinations of W c and W x values will be used. Owing to the uncertainty in quantifying the vertical distribution of roots, both the default CLM3 root profile of Zeng [2001] (referred to as ''exponential'' hereinafter) and the observed root profile at a Paragominas site in Amazonia [Nepstad et al., 1994] (referred to as ''observed'' hereinafter) will be used. Note that the observed root profile at the Paragominas site may or may not reflect the situation at the Reserva Jaru site as observations for the latter is lacking. Under each rooting profile in each model, the simulation without considering dynamic root water uptake provides the ''control'' conditions.
[28] As will be shown later, consideration for dynamic root water uptake improves model performance, but some model biases (especially in soil moisture) remain. To demonstrate the impact of dynamic root water uptake on surface fluxes under realistic soil moisture conditions and to help pinpoint the potential reasons for the remaining model biases, we also experiment on assimilating the weekly soil moisture observations into the two land surface models when and where observation exists. Such soil moisture assimilation leads to an additional set of experiments for each root profile and each model.
Results
[29] Our results analysis focuses on the impact of dynamic root water uptake (DRWU) on model prognostic skills with respect to latent heat fluxes (LEs) and soil moisture. Owing to its strong day-to-day fluctuation (Figure 1 ), LE time series will be mostly presented in the form of monthly averages for easy visual comparison.
Impact of DRWU Based on the Empirical Approach
[30] The DRWU in the empirical approach is represented by three factors: a lower-than-1.0 value of W c , a higherthan-0.0 value of W x , and a larger-than-1.0 value of m in equations (5)-(7). In all simulations using the empirical approach, m is set to 4. On the basis of equations (5) -(6), W c represents the overall vulnerability of vegetation to partial water stress in the root zone -the smaller the value of W c is, the more tolerant the vegetation is to partial root water stress. W c equal to 1.0 implies that any water stress in the root zone can reduce plant transpiration and photosynthesis. Parameter W x represents how active the vegetation is in preferentially uptaking water. The larger the value of W x is, the more active plants are in selectively uptaking water from wetter soil layers.
[31] Not surprisingly, model LEs during the dry season increase as W c decreases and/or W x increases under both root profiles in CLM3. However, setting W c to values lower than 0.4 does not bring further increase of LEs. In CLM3, increasing the exponent m (from 1 to 4) leads to little change in model results (not shown). Figure 4 presents results from the control simulation and two experiments using the empirical approach, one with a low degree of DRWU (W c = 0.8, W x = 0.2) and one with a high degree of DRWU (W c = 0.4, W x = 0.6). Both the control simulation and the low DRWU experiment underestimate LE during the dry season (e.g., August 1992 and June-July in 1993) by more than one standard deviation of the daily LE in the corresponding months. When a high degree of DRWU is assumed, the performance of CLM3 is very good, and the model results are within one standard deviation from the [32] Instead of focusing on monthly averages, Figure 5 compares the diurnal cycle of the simulated sensible heat fluxes and latent heat fluxes with observations using April and July 1993 as examples from wet and dry seasons. In the wet month April with or without considering DRWU, the model performs accurately in simulating LEs, but model sensible heat fluxes peak too early in the day compared with observations. In the dry month July, the control model overestimates sensible heat flux by almost 100% at the expense of the LE; as the degree of DRWU increases, the magnitude of LE and sensible heat flux moves toward the observed. With the high degree of DRWU, the model accurately reproduces the daytime LE, but underestimates LE in the several hours right after sunset and produces a sensible heat flux that peaks before local noontime (which is earlier than observed).
[33] In the control simulation using CLM3, replacing the exponential root profile with the observed root profile reduces the biases in dry-season LEs (dashed lines in Figure 4 ). Compared with simulations with the exponential root profile, the observed root profile enables more water uptake from deep layers and less from shallow layers when water is freely available in the wet season. This leads to slightly lower soil moisture in deep layers and higher soil moisture in the root-abundant upper layers at the end of the wet season or in the beginning of the dry season (not shown). The impact of DRWU (including the effect of changing W c and W x ) is similar to that under the exponential root profile. However, reducing W c to less than 0.6 (as opposed to 0.4 for the exponential root profile) does not further improve model results.
[34] Compared with the CLM3 control, the IBIS2 control simulates a shorter period of low LE during the dry season (Figure 1) , which is more comparable with observations. DRWU brings improvement in both models. However, improvement in the two models derives from different aspects of DRWU. In IBIS2, even setting W c to the maximum (1.0) and W x to the minimum (0.0) leads to a significant improvement in LE simulations (compared to the control), while reducing W c and/or increasing W x brings minimal amount of further increase in LE. This statement holds for both the exponential root profile and the observed root profile (results not shown). This indicates that the majority of the improvement in IBIS2 is due to the use of the nonlinearity factor m (set to 4 compared to 1 in control), a factor that has negligible impact in CLM3. It is worth pointing out that in IBIS2, the use of the observed root profile alone, without any form of DRWU, is enough to produce a fairly realistic LE simulation.
[35] Compared with the significant improvement in LE simulations due to DRWU under both root profiles, improvement in soil moisture is rather modest in both models. Using the exponential root profile and one specific combination of parameter values (W c = 0.8, W x = 0.6) as an example, Figure 6 demonstrates the daily averaged soil moisture in both models at four different depths (top layer, 0.5 m, 1.0 m, and 2.6 m) and how they respond to DRWU. Also plotted in Figure 6 are the weekly soil moisture observations at corresponding depths. As expected, relative to the control simulations, dry-season soil moisture in the DRWU experiment decreases in deep layers (e.g., at 2.6 m depth), and stays the same or slightly increases in shallow layers (e.g., at 0.5 m depth), leading to a more realistic vertical soil moisture profile during the dry season. The soil depth below which soil moisture decreases in response to DRWU is smaller in CLM3 (less than 1.0 m as derived from Figure 6 ) than in IBIS2 (larger than 1.0 as derived from Figure 6 ). This is consistent with the fact that water uptake in CLM3 control is more limited to the upper shallow layers than in the IBIS control (Figure 2 ). In addition, the pattern of soil moisture temporal variation is also slightly improved in the runs with DRWU. For example, in the shallow layers during the driest months, contour lines of soil moisture are mostly horizontal in observations (Figure 2) , indicating zero uptake of water from those layers. This characteristic is reproduced in the models with DRWU, as evident from Figure 6 . On the contrary, in control simulations (Figure 2 and dashed lines in Figure 6 ) the lines are mostly sloped, indicating continuous water uptake from the extremely dry shallow layers, which is not realistic.
[36] In spite of the aforementioned improvement in soil moisture simulation and regardless of the degree of DRWU included, the vertical distribution of soil moisture in both CLM3 and IBIS2 remains severely biased. In particular, during the dry season, soil moisture increases substantially with depth throughout the root zone in both models, but in observations it decreases with depth or stays more or less the same beyond 1.0 m.
Impact of Hydraulic Redistribution
[37] When HR is considered, during dry seasons, roots uptake water from wet deep soil layers and redeposit it to the dry shallow layers at night, which makes more water available in the shallow soil for plants to transpire than otherwise. There is therefore a remarkable difference between the control and HR simulations in soil moisture diurnal cycle during the dry season: a stairs pattern (decreasing during the day and nearly constant during the night) in the control and a seesaw pattern (decreasing during the day and increasing during the night) in the HR simulation ( Figure 7 ). The transport of soil moisture via roots from the wet deep soil upward accelerates the soil moisture depletion in deep layers in HR relative to the control, but slows it down in shallow layers. This is similar to simulations with the empirical approach, where . A snapshot of soil moisture in (a) a shallow layer (second layer, at 4 cm depth) and (b) a deeper layer (seventh layer, at 80 cm depth): during 6-10 June 1992 simulated by CLM3 assuming the exponential root profile, in the control simulation (solid line), in the hydraulic redistribution (HR) simulation (dashed line), and in the simulation with a high degree of DRWU using the empirical approach (dash-dotted line). The first 24 h correspond to local time on that day.
water uptake from the extremely dry shallow layers almost ceases and from the wet deep layers is enhanced (Figure 7) . However, different than in HR, the diurnal pattern of soil moisture simulated by the empirical approach is stairsshaped, which is similar to that in the control. The ''flat'' part of the stairs, however, is not strictly flat in both the empirical approach experiment and the control. There is a slight increase of soil moisture in shallow layers and a slight decrease in deep layers during the night, and during the hours right after sunrise and right before sunset. This is owing to moisture diffusion from the wetter lower layers to the drier upper layers. The impact of HR on the diurnal cycle of surface fluxes is similar to that of a low degree of DRWU represented using the empirical approach.
[38] The HR-induced increase of LEs during the dry season reduced the LE seasonality (Figure 8 ). At this specific site, the HR simulation is comparable to the simulation using the empirical approach that employs a relatively low degree of DRWU (W c = 0.8, W x = 0.2). This may or may not hold elsewhere. The two different approaches can be combined to further improve the model performance. For example, the solid lines in Figure 8 show the model results from combined simulations in which the values of W c and W x , if the empirical approach were used alone, would produce a model improvement similar to the HR-induced improvement. When measured by the LE, while the model improvement from the combined run is less than the additive effects of each approach alone, adding one approach on top of the other still brings considerable model improvement in the example shown. However, when the model improvement based on the empirical approach alone exceeds a certain threshold, adding HR on top of the empirical approach will not further improve the model performance (not shown).
[39] Similar to the empirical approach, when the HR approach is used alone, the IBIS2 model simulates a much weaker (and more realistic) seasonality of LE than CLM3. Under the exponential root profile, HR alone or a low degree of DRWU alone can produce model LEs that are fairly close to observations (Figure 8 ). When the observed root profile is used, IBIS2 produces a realistic LE seasonal course without considering any form of DRWU (results not shown). For a side-by-side comparison among different combinations of land surface model, dynamic root water representation, and root profile, Table 1 summarizes the Figure 8 . Latent heat flux during the 24-month period January 1992 to December 1993 simulated by (a) CLM3 and (b) IBIS2: assuming exponential root profile, using our two-parameter empirical approach, using the HR approach, and using the combination of the two. Those from the control model simulations and observations are presented for comparison. The values for parameters W c and W x vary with model; the specific values were so chosen that the resultant impact from DRWU based on the empirical approach is at a similar magnitude to that based on HR. main improvement in LE simulation attributable to DRWU using different approaches. Note that in Table 1 , the amount shown corresponds to the month of maximum bias in LE during the observational period, which is August 1992 for both models. This is, however, not the month of maximum DRWU impact (which is August 1993 when observation is not available).
[40] It is evident from Figures 4 and 8 and Table 1 that the empirical approach, under certain parameter settings (i.e., certain W c and W x combination), can have a much larger impact on LE and soil moisture simulations than the HR approach. For example, in CLM3 assuming the exponential root profile, for the combined period when LE observations are available in 1992 and 1993, HR reduced the root mean square error (RMSE) of the LEs from 61.6 W/m 2 in the control simulation to 50 in the HR simulation. For the empirical DRWU experiment using CLM3 shown in Figure 8 (W c = 0.8 and W x = 0.2), the RMSE is almost the same as for the HR simulation, which is consistent with their similarity in the monthly mean LEs. However, when the more favorable parameter combination W c = 0.4 and W x = 0.6 is used in the DRWU experiment, the RMSE is reduced to 42.5 W/m 2 (from 61.6 in the control) (Figure 9 ). On the basis of hourly data, Figure 9 reflects the model skill in reproducing not only the mean but also the temporal variability of LEs. Both the empirical approach and the HR approach improve the correlation coefficient between observation and model simulations, and reduce the RMSE of LEs.
[41] Regardless of which approach is taken, most of the changes in LE caused by the DRWU are due to changes in plant transpiration, with little or no impact on the evaporations from canopy interception and from ground surface. For example, in CLM3 with the exponential root profile, the canopy interception loss, plant transpiration, and ground evaporation in July 1992 respectively is 1.9, 45, and 5.0 W/m 2 in the control simulation, 1.9, 89, and 5.3 W/m 2 in the empirical approach experiment with W c = 0.4 and W x = 0.6, and 1.9, 63, and 6.2 W/m 2 in the HR experiment. Although we do not allow transport of moisture through HR into the surface soil layer, HR still causes slightly higher ground evaporation than the empirical approach (and than the control as well). This is because the extra moisture transported into the second layer may increase the moisture diffusion from the second layer into the top layer or slow down the diffusion from the top layer into the second layer.
[42] For both models, the improvement in soil moisture simulation derived from HR is limited, and is similar to that from the empirical approach. Even in the combined runs, simulated soil moisture is still very different from observations in its variation with depth (results not shown). This lack of model skill in simulating soil moisture distribution provides the motivation for assimilating soil moisture observations into land surface models.
Impact of Soil Moisture Assimilation
[43] In both CLM and IBIS, the parameter values in the empirical approach can be so chosen that the model LEs (therefore evapotranspiration) are fairly close to observations. However, despite the rather realistic estimate of evapotranspiration, soil moisture is still poorly simulated, with significant overestimation of soil moisture in deep layers. This indicates that either the degree of DRWU is still underestimated, or poor parameterization of other surface and subsurface hydrological processes or properties (e.g., runoff generation and root profile) is responsible for the model bias.
[44] In order to examine the model behavior under more realistic soil moisture conditions, we assimilate the weekly soil moisture observations into models. This is done by overwriting the model-simulated soil moisture with observations where and when observations exist. This significantly improved the LE simulations without considering any form of DRWU (Figure 10 ). This improvement is largely due to the increase of soil moisture in the top 1 m or so. It takes a very low degree of DRWU using the empirical approach (W c = 0.8) to bring LE to the observed Figure 9 . Hourly latent heat flux during the period when observations exist, with observations in the x axis and model simulations in the y axis. Model results are from CLM3 assuming exponential root profile based on different representation of DRWU: (a) no dynamic uptake (i.e., in the control simulation), (b) the HR approach, and (c) the empirical approach with W c = 0.4 and W x = 0.6. level in CLM3, and there is no need for DRWU in IBIS2 (Figure 10 ). Note that both the HR approach and the parameter W x in the empirical approach influence LE through its impact on the water uptake allocation and moisture transport therefore on soil moisture distribution. Their impacts are therefore negligible when weekly soil moisture observations are assimilated. This is because the timescale of soil moisture variation is much longer than one week; so observational condition still dominates during the time intervals between weekly observations.
[45] Without soil moisture assimilation, even with the most favorable parameter combinations (W c and W x ) and a root profile of the Amazon characteristics, considerable underestimation of LE still exists during dry seasons in CLM3 (see Figure 4) . This can result from two potential causes: (1) biases in soil moisture distribution and (2) poor parameterization of flux exchanges between land surface and the atmosphere. However, as shown here, the model LE agrees well with observations when soil moisture observations are assimilated, indicating that parameterization for surface-air flux exchanges is not problematic. Most likely, the primary source for biases in the control simulation has to do with other processes influencing soil moisture distribution such as poor parameterization of surface and subsurface runoff generation.
[46] Note that the LE difference between the control simulation and the DRWU experiment shown in Figure 10 (i.e., difference between solid and dashed lines) does not reflect the full effect of DRWU. It represents an underestimation. In the simulation mode of the land surface models, DRWU improves the soil moisture simulation, which then improves the LE simulation. However, this portion of the LE improvement is not accounted for in the simulations with assimilated soil moisture shown in Figure 10 .
Summary and Discussion
[47] Using the Reserva Jaru site as an example, this study explores an empirical approach to representing the impact of DRWU in two land surface models CLM3 and IBIS2, and compares model results with a more physically based approach to simulating HR (one of several DRWU processes). For each model and each approach, two different root profiles were experimented on.
[48] Without considering the impact of DRWU, both CLM3 and IBIS2 underestimate the dry-season latent heat fluxes and severely overestimate soil moisture in deep layers when assuming an exponential root profile. When DRWU is included, regardless of which approach is used, the performance of both CLM3 and IBIS2 improves at hourly, daily, and monthly timescales. This improvement includes the increase of latent heat flux during dry seasons, and slightly more realistic patterns of soil moisture temporal variation and vertical distribution.
[49] Both CLM3 and IBIS2 show a better performance in reproducing the dry-season latent heat fluxes under the root profile derived from Amazonian observations than under the exponential root profile. It is especially noticeable that latent heat fluxes simulated by IBIS2 with the observed root profile show little bias without considering any form of DRWU. Regardless of what root profile or DRWU approach is used, IBIS2 produces a better latent heat flux simulation than CLM3 at this specific site.
[50] In both models, improvement due to including HR (as accounted for by the physically based approach) is limited, and is comparable to the improvement due to a low degree of DRWU (as accounted for by the empirical approach). Other DRWU processes (e.g., preferential water uptake and moisture-tracking root growth, the impact of which can be accounted for using the empirical approach) are needed in order for vegetation at this site to survive dry seasons without experiencing much water stress. This is especially so in CLM3. Under a high degree of DRWU using the empirical approach (Wc = 0.4, Wx = 0.6), CLM3 with the exponential root profile faithfully reproduces both the seasonal course and diurnal cycle of latent heat fluxes. : during the 24-month period of January 1992 to December 1993, assuming exponential root profile, and with different treatments. The control (dotted line) is without soil moisture assimilation and without DRWU; SMA (dashed line) is with soil moisture assimilation but without DRWU; and SMA+Wc (solid line) is with soil moisture assimilation and with empirical DRWU (Wc was set to 0.8; Wx has little impact on the results when soil moisture is assimilated). In IBIS2 the solid and dashed lines completely overlap, indicating that water stress does not exist under the observed soil moisture conditions.
[51] Regardless of which land surface model and which approach of representing DRWU are used, and regardless of what root profile is assumed, the simulated soil moisture distribution in dry seasons is nowhere close to observations. However, when soil moisture observations are assimilated into the models, both models produce a fairly reasonable simulation for latent heat fluxes. Problematic parameterizations for surface and subsurface runoff and soil drainage are likely causes for the poor model performance in the simulation mode. Another potential cause may have to do with the relatively coarse resolution of the soil model, which may lead to underestimation of moisture diffusion upward. While it is important to incorporate into land surface models representation of additional biophysical processes such as the DRWU processes, problems in existing fundamental hydrological parameterizations should not be overlooked. It appears that improved parameterization and validation of surface and subsurface runoff/discharge [e.g., Niu et al., 2007] is critically important in improving the overall model performance. In fact, a modified parameterization of subsurface runoff/drainage is included in the upcoming public release of CLM3.5, an updated version of CLM3. The poor soil moisture simulation described in this study may be improved in CLM3.5. How the runoff and drainage parameterization modification in CLM3.5 influences the impact of DRWU is among several issues to be examined in future studies.
[52] Ideally, the proposed empirical approach to representing DRWU should be evaluated and calibrated at more sites in the same region. However, among the ABRACOS sites and the Large-Scale Biosphere-Atmosphere Experiment in Amazonia (LBA) operational sites where data are publicly available, Reserva Jaru is the only site where climate with an extended dry season supports the growth of tropical broadleaf evergreen forests (i.e., active DRWU is evident). Field data may become available in the future for additional sites of similar ecohydrological characteristics. To maximize the usefulness of such observations, ideally these sites should be located near the driest edge of the evergreen forest where the need for DRWU is the greatest. Parameters calibrated in the dry side of the forest still apply to wetter climates, but parameters calibrated on the basis of the wet side of the forest will underestimate the degree of DRWU when applied to drier climates.
[53] In addition to measurements such as those available at the Reserva Jaru site (including meteorological forcing and surface fluxes at subdaily resolution and soil moisture at weekly resolution), data on vertical root distribution is an absolute essential for model evaluation and calibration. Sap flow and subdaily soil moisture measurements are desirable for more detailed process understanding. In terms of temporal coverage, at least one complete dry season is needed. Such data requirement is quite generic. They will serve a much wider purpose than evaluating and calibrating a specific model.
